Comaish et al. 3) developed a hand-held in vivo tribometer consisting of a rotating-at-constant-velocity, constant-load annular test foot. Cua et al. 4) used the tribometer described in Comaish 3) to test dynamic skin friction and other parameters on various parts of the bodies of young and old Caucasian males and females without skin disease. ( The heelstrike areas were not tested.) The results reportedly varied significantly with respect to the different body areas, but not with respect to age or gender.
Loden et al. 5) studied in vivo skin-friction differences between normal and atopic (allergy-related dermatitis) skin with respect to friction and other parameters. Asserin et al. 6) describes the development of an in vivo skin tribometer using a ruby indenter, 3 mm diameter, loaded using light weights, and designed to test the volar forearm.
Egawa et al. 7) describes measurements made by sliding a "fingerprint simulator"-a set of 20 piano wires arranged in parallel approximately 0.02 inches apart and arranged perpendicular to the direction of sliding. The studied parameter was the integral of the friction coefficient over one inch of sliding, which did not vary with load over a 0.3 N load range, or with age.
Sivamani et al. 8) and Gitis and Sivamani 9) tested in vivo the forearms of volunteers classified by age, gender, and ethnicity.
Significant differences were not found. Sivamani et al. 10) reviewed past studies of skin tribometry, including summaries of the different test feet and friction-coefficient ranges found.
Li et al. 11) describe experiments to characterize the rubbing that occurs between skin and "external surfaces." Tests on a single subject involved reciprocal loading under various force-displacement conditions using a test foot fabricated from a prosthetic-socket material.
In summary, although skin friction has been studied, these studies have either not used living tissue, or have done so without attempting biofidelity. Devices described in these studies often dragged a small weight over the forearm-there is no evidence that such results would apply to the plantar surface of the foot and the larger loads and loading rates involved with walking. Clearly, a different approach to the problem must be found.
Importantly, there is strong evidence that skin friction varies with skin hydration, and no significant evidence that it varies with respect to age, gender, or ethnicity.
Research background-The apparatus
Researchers have used various tribometric devices to measure barefoot-pedestrian friction. For the most part, surrogate test-foot materials have been utilized in place of human skin.
Brungraber 12) , in an effort to obtain information about the hazards associated with barefoot walking around swimming pool decks, developed a ramp apparatus to measure the coefficient of friction between a barefooted test subject and representative pool decking materials. The equipment consisted of a variably inclined plane incorporated into a test frame. Test results were compared to those obtained using a Slip-Test Mark I tribometer (the Portable Articulated-Strut Tribometer) on the same pool-deck-material test surfaces. DIN 51097 13) is a German National Standard that utilizes an adjustable-slope ramp with specially-trained, "calibrated" pedestrians walking upon it. It is used to evaluate the safety of candidate floor coverings, including wet-loaded barefoot areas, such as bathing facilities. A continuous and uniform stream of contaminating fluid is applied to the surface of the test floor covering. It is not clear that walking on the ramp using "standardized stepping" is biofidelic with respect to ordinary human ambulation.
RAPRA CH0001 14) is similar to DIN 51130 protocol, but water, rather than motor oil is used upon the test surfaces as the lubricant. This protocol has the same advantages, and suffers from the same deficits, as DIN 51130.
Medoff et al. 15) describes a far simpler step ramp used to evaluate friction of walkway surfaces and/or shoe bottoms. The subject does not walk on the ramp but, rather, drops the foot onto the water-lubricated test surface. (A modified version of the ramp tester described in this paper was used in our experiments.)
Research background-Logistic regression
Hanson et al. 16) used logistic regression to predict falls (falling/not falling was the dichotomous dependent variable); the difference between the required friction and the utilized friction was the dependant variable.
Burnfield and Powers 17) set pedestrians across a lubricated force-plate, and used logistic regression to predict pedestrian slips, separately using the difference between available and utilized/required friction (as did Hanson 16) ) and just available friction as the independent variable. They determined that, while the friction difference gave the most accurate results, available friction alone also proved "accurate."
Marpet and Medoff 18) , and Marpet and Medoff 19) describe an apparatus that substitutes weights for the friction force at the interface between the test foot and test surface of a binary-output tribometer (a Portable Inclinable Articulated Strut Tribometer (PIAST)). Repeated tests at a given angular setting allow for an estimate of the probability of a slip. Logistic regression was used to model the characteristic function of the tribometer (This paper uses the mathematical model developed in these papers).
Medoff et al. 21) extend the work presented in Marpet and Medoff 18) and Marpet and Medoff 19) to the comparison of two different binary-output tribometers: the Slip-Test Mark II and the Mark III. To accomplish this, an air-bearing, "zero-friction" test carriage was developed and utilized.
Besser et al. 20) , Marpet et al. 22) , and Medoff et al. 23 ) discuss in detail the comparison of the two related tribometers in Medoff et al. 21) 
Subjects and Methods

Instrumentation
As has been stated, a modified version of the ramp tester described by Medoff et al. 15) was used to conduct these experiments. The original device consisted of an adjustable platform onto which a standing test subject could step. The angle of the platform can be adjusted using a hydraulic jack; ramp angle was measured with an SPI-Tronic Pro 3600 electronic level, with ± 0.05˚ accuracy to 10˚, and ± 0.2˚ from 10˚-80˚. The test surface (onto which the subject steps) can be changed, and was continuously wetted by means of a circulation pump and a water reservoir.
Modifications to the machine were made in order to ensure that the stepping leg would strike the test surface in a repeatable manner, and in a vertical direction. A fiberglass cast was made of the lower leg of each subject; this cast was affixed to a carriage, which was constrained to travel vertically under the influence of sleeve bearings running along vertical rods mounted to the frame of the ramp tester. The cast was pinned to the carriage at the lateral proximal point, just below the tibial plateau of the right knee. A single pin joint was used at this location to allow the leg to pivot forward in the case of a slip.
For the third test variation, an additional modification was made to the machine to allow the subject to be seated during testing. The constrained leg was positioned such that the hip and knee were at approximately 90˚ of flexion. For these experiments, one of the experimenters lifted the carriage to which the cast was attached approximately 10 cm (4"), and released it, allowing the test leg to 'fall' onto the test surface.
For all three test variations, the same test surface of wetted polished marble was used.
For all three test variations, two researchers visually observed the foot/marble contact, each from a distance of approximately 30 cm. The observers focused solely on the determination as to whether a slip did or did not occur. Because the contact between the heel and the angled ramp surface occurred at a repeatable position on the test surface, and because the subject was 'stationary,' the task of determining whether or not a slip had occurred was far less difficult than it would have been if the subject had been ambulating on a walkway. Reinforcing our confidence in the ability of the observers to detect a slip is the fact that there was very little disagreement between the two observers. (In the event that the observers disagreed, that test was not used.)
Subjects
Two of the researchers (HM, MB) served as test subjects for this study. The subjects are healthy adult men, with no previous medical history of injury to the right foot, specifically the heel.
Procedure
Before testing, subjects had their lower right legs cast by a casting technician in the orthopedics department of a large Academic Medical Center hospital. Standard fiberglass cast techniques were used. The cast reached from just proximal to the medial and lateral maleoli of the ankle to just below the tibial plateau of the knee; the cast did not interfere with either knee or ankle motion. The lateral side of the cast was extended slightly to allow for attachment to the testing machine. The cast was cut down the front to allow it to be donned and doffed by the test subject.
For all tests, subjects were in bare feet. No special preparation of the foot or heel was done. Cursory inspection of the feet revealed no unusual anatomic abnormalities or skin conditions.
Three different tests were conducted on each of the subjects. For all of the tests, the test surface was constantly wetted using a recirculating pump. The subject's foot was allowed to 'hydrate' for ten minutes before testing began, with the test surface horizontal (ramp angle=0˚). For each test, the ramp angle was increased in increments until the subject slipped, and then lowered slightly and testing began. At each ramp angle, the subject would step onto the ramped surface repeatedly but slowly (typically 20 repeats at each setting). For each step, researchers would observe the foot strike, and determine whether a slip had occurred. The probability of slipping at a given angle was calculated as follows:
(# of slips detected) (# of steps onto ramp) Data were collected for angles ranging from those where no slips were detected [p(slip) = 0.0] until reaching an angle where slip was detected for all steps [p(slip) = 1.0]. Ramp angle was increased in approximately 0.1˚-0.2˚ increments.
Test variation 1: Unconstrained standing
Subject was positioned standing in the ramp tester, with BAREFOOT-PEDESTRIAN TRIBOMETRY the left foot supporting their weight on a horizontal platform and the right foot unsupported over the test surface.
The subject was unconstrained-that is, the leg was free to move in all directions. Fig. 1 ) Subject was again positioned standing in the ramp tester, supporting their weight on a horizontal platform and the right foot unsupported over the test surface. For these trials, the right calf was constrained by the fiberglass cast previously described. The cast was secured to the leg by closing the cast seam with Velcro. The proximal lateral aspect of the cast was pinned to the carriage which was free to travel vertically (linear bearings assured unimpeded motion), but which prevented horizontal translation of the leg. This forced the lower leg to travel in a vertical direction when striking the test surface. Fig. 2) A seat was added to the ramp tester which would allow the subject to sit with their hip and knee angles at approximately 90˚. The test leg was once again constrained in the cast, and pinned to the vertical carriage as described above. For the seated trials, the test subject did not initiate the movement to step onto the test surface; instead, a researcher would lift the carriage approximately 10 cm (4") and 'drop' the foot onto the test surface.
Test variation 2: Constrained and standing (See
Test variation 3: Constrained and seated (See
Mathematical background-Logistic regression
Ordinary regression: fitting a line (or curve) to a dataset, is commonly taught in elementary-statistics courses. When the dependant variable can take on only two values, Bernoulli distributed, then logistic regression must be used. An elementary reference for the subject may be found at wikipedia 24) A Bernoulli variable is one that can take on the values 0 or 1 (equivalent to True or False, Success or Failure) such that:
Logistic regression is based upon the logit function (the logarithm of the odds ratio):
In logistic regression, the dependant variable is a logit, and is set to the predictor (here, we use the simple-linear-regression predictor, y i = β 0 + β 1 x):
The solution to the model is:
The effect of varying the parameters is analogous to that in linear regression; varying β 0 , the y-intercept in linear regression, in effect shifts the curve to the left or right, as seen in Fig. 3. (β 1 is held constant.) Varying β 1 , the slope in simple linear regression, has the effect of 'squaring the corners' of the s-curve. (See Fig. 4 . Here, β 0 is held constant.)
The way a logistics-regression curve is interpreted is similar to the way any regression is interpreted, save the fact that the dependent variable is a probability. For example, using the β 0 = 35 curve in the Fig. 1 
Results
For each test, for each subject, a logistic regression was calculated to fit the data using JMP, a commonly used statistical-analysis and experimental design program. The dependent variable was whether a slip occurred (y i = 1) or did not occur (y i = 0); the dependant variable was the ramp angle, in degrees. Graphs of these logistic-regression predictor equations, as well as the summary-data scatter (the probability of a slip at a given angle) are shown in Fig. 5 . In this figure, data are plotted for each subject (H, M), for each condition (U = unconstrained, CV = constrained standing (or vertical), CS = constrained seated), for a total of six curves. The parameter estimates for the intercepts and slopes used to calculate the graphs are shown in Table 1 . All parameter estimates were highly significant (p<0.0001):
BAREFOOT-PEDESTRIAN TRIBOMETRY 55 Fig. 3. The effect of changing β 0 (β 1 constant) . From the logistic regression equation, angles corresponding to first, second (i.e., the median), and third quartiles were calculated, as were their associated coefficients of friction (the angle's tangent). These results are presented in Table 2 . The elements of the table show the angle in degrees and the tangent (the friction coefficient) separated by a backslash (xx˚\yy). This is best visualized as a Box & Whisker Plot (Fig. 6 ), where the vertical sides of the box with the line in it represent the first quartile (left side), the median (the line in the middle), and the third quartile (the right side of the box). The whisker represents the distance to the minimum (the left whisker) and the maximum (the right whisker. The asterisks denote the fact that the maximum is beyond the range of our analysis (but not by much, based upon our experience).
Discussion
All measurements are subject to measurement uncertainty. The probability function that quantifies that uncertainty is a measure of the quality of the measurement system. Measuring systems, expressed in the LogisticRegression framework, having a large enough slope (β 1 ) would have a step-function-like response. Perhaps such results can be achieved when testing inert substances, but for biological, dynamic phenomena like walking and stepping, because there is a fair amount of inter-trial variability, such results are not generally achievable.
Then how does one test such in vivo systems? The answer is to impose a certain level of constraint (that which is achievable without compromising the system), and look at the probability functions as a measure of discriminatory capability. It is important to note that the increase in β 1 and convergence of the inter-subject logistic-regression functions as the constraint regime was tightened (from {standing, unconstrained} to {standing, constrained} to {seated, constrained}) reflects a real improvement in the mensuration capability of the system. This is (a) because the logistic-regression function is in fact the way to characterize a binary-output tribometers, such as the ramp tester used in these experiments (See Marpet and Medoff 18, 19) , Medoff et al. 21, 23) , Besser et al. 20) , and Marpet et al. 22) .), (b) because foot hydration was controlled (See Naylor 1) , Sivamani et al. 8, 10) , and Gitis and Sivamani 9) .), and (c) because the research clearly shows that, for a given anatomic skin area, no significant differences are found with respect to age, gender, and ethnicity (Comaish 3) , Cua et al. 4) , and Egawa 7) .), implying that one would expect to see such convergence.
In evaluating the friction between the bare heel and wet marble, we used three methods: Unconstrained Standing, Constrained Standing, and Constrained Seated. For the Unconstrained Standing condition (XU), variability (as described by the slope of the logistic regression) was fair to good, but the spread between subjects was wide, we hypothesize because of different stepping styles. For the Constrained, Standing Position (XCV), we found the sub- For each subject and condition, angles corresponding to first, second (i.e., the median), and third quartiles were calculated, as were their associated coefficients of friction (the angle's tangent). The elements of the table show the angle in degrees (xx) and the tangent (the friction coefficient, yy) separated by a backslash (xx˚\yy). jects' characteristic curves significantly closer but, the discrimination of the system, as defined by the slope, β 1 , fell by almost an order of magnitude.
Several contributors to the greater variability in the standing trials (both constrained and unconstrained) were recognized. The researchers noted step-to-step variation in heel strike location-as the subject lifted and dropped their foot on the test surface, at times it would land a little farther forward, at times farther back. While these strikes may only have been 4-6 cm apart, that small deviation would change the 'attack angle' of the foot to the test surface. This variability was even present in the constrained trials; while the leg was constrained by the carriage to travel vertically, the lower leg had to be allowed to rotate on the carriage, otherwise slip could not have occurred (the leg would have been held fast, even with no heel friction at all!). We suspect that some of the variability observed was due to this inconsistency in strike location. For the seated trials, the Operator would lift the carriage, the leg was allowed to hang vertically, the carriage was released and the foot allowed to drop to the test surface. Significantly more repeatability in heel strike location was observed.
Another possible cause of increased variability in the standing trials is active muscle control. For the standing subject to 'lower' their foot to the test surface, they were required to adduct the contralateral hip and/or flex the contralateral knee. Some reciprocal activation of hip musculature on the ipsilateral side would be expected, possibly changing the stiffness or inertial properties of the stepping leg, as well as heel strike location. As seated trials did not require muscle activity of the subject or the test leg, these trials were more repeatable.
There has been some discussion in the literature as to what actually constitutes a 'slip.' Leamon and Li 25) has described what he calls 'microslips'-slight movement between the foot and the floor that was 'too small' to be sensed by the walker, but could be observed visually. During our data collection, we did not consider microslips, and only looked for 'large' slips; however, as this distinction was made visually, it is probable that some inconsistency was introduced (It is difficult to decide how large a 'microslip' must become before it is considered a 'slip.') Finally, visual observations of slip may be questioned overall as a reliable and valid method of slip detection. When observing a person walking in a laboratory, it is sometimes difficult to determine if they slipped. However, in our experimental protocol, we do not consider this relevant. In all trials, one researcher was solely focusing on slip detection, observing the foot-floor interface from a distance of approximately 30 cm. At such a distance, and with no other distractions, we consider the detection of slip by visual observation to be accurate.
The Constrained Seated Position (XCS) offered the best performance: both low variability and low inter-subject spread, excellent intra-subject repeatability and excellent discrimination (a high value of β 1 ). We hypothesize that the improvement was caused by the leg motion being passive with respect to the subject. Because it eliminates much of the variability associated with active stepping by test subjects, it appears to offer the most promise as a standardized technique for in vivo characterization of barefoot pedestrian heel friction.
Directions for Future Research
In this paper, we have run ramp tests and utilized a mathematical characterization tool based upon Logistic Regression to determine if, in barefoot-human tribometric testing, the use of mechanical constraints on foot descent is justified. Clearly, it is. There are a number of approaches to extending this research.
First, a database of barefoot tribometric test results, with, among other variables, age, ethnic background, complexion, gender, foot condition, and hydration, would be useful to researchers and practitioners. Does barefootheel friction vary with respect to age? Skin complexion? Research on the forearm and other body parts indicates that there is no such variation. This needs to be checked with the heel. If such variation does exist, a cross-section of age × ethnic-background × complexion × etc. cohort could serve to assess within-cohort variability, so one could aggregate friction-similar subgroups.
The ramp that we used is not easily amenable to either biofidelity or to precision-and-bias assessments. That's because a force plate cannot (at least for our ramp) easily be incorporated into the ramp. Another significant problem is that pedestrians cannot walk on the ramp in anything resembling a normal manner, so that comparisons between the tribometer and gait-based metrics are simply not possible. (This is a criticism leveled against the German-developed DIN ramp tester, used for evaluation workplace floor surfaces.)
The design of this man-machine tribometer can be extended in a somewhat straightforward manner to a portable, field-testing unit. The authors are currently working on this device.
Finally, we intend to assess the biofidelity aspects of barefoot friction testing in two ways. First, we intend to replicate the test-surface and interface-contaminant conditions on an instrumented force plate, and have human subjects walk across that plate, with the conditions set so that at least some slips will occur. (At slip, it is the avail-BAREFOOT-PEDESTRIAN TRIBOMETRY able friction being measured, and not the required/utilized friction.) Secondly, and this is a long-term goal, we intend to install the portable tribometer above the force plate, to develop the characteristic-function-curve set of the tribometer, and see how the force plate mirrors those results. This will give insight into precision and bias of the field tester.
